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PROCESS FOR THE REMOVAL OF HEAVY
METALS FROM GASES, AND
COMPOSITIONS THEREFOR AND
THEREWITH

The mvention relates to a composition useful 1 the
removal of heavy metals from a gaseous feed stream. In one
aspect the mvention relates to a method of preparing such
composition. In yet another aspect the invention relates to a
method of removing heavy metals from a gaseous feed stream
using the mventive composition.

BACKGROUND OF THE INVENTION

Heavy metals are released during the combustion process
of many fossil fuels and/or waste materials. These heavy
metals 1nclude, for example, arsenic, beryllium, lead, cad-
mium, chromium, nickel, zinc, mercury and barium. Most of
these heavy metals are toxic to humans and animals. In par-
ticular, lead 1s thought to compromise the health and mental
acuity of young children and fetuses.

Furthermore, there 1s every indication that the amount of
mercury, and possibly of other heavy metals, now legally
allowed to be released by those combusting various fossil
tuels and/or waste materials, including coal burning power-
plants, and petroleum refineries, will be reduced by future
legislation. While a variety of adsorbents are available for
capture of heavy metals (in particular mercury), these adsor-
bents tend to have low capacities and are easily deactivated by
other components in the gas stream, such as sulfur and nitro-
gen oxides. We have discovered a matenal that converts an
clemental heavy metal to an oxidation state greater than zero,
even 1n the presence of sulfur oxides and/or nitrogen oxides.

SUMMARY OF THE INVENTION

It 1s an object of this invention to provide an improved
vanadium material which when used 1n the removal of heavy
metal results 1n oxidation of the heavy metal to an oxidation
state greater than zero, even 1n the presence of sulfur oxides
and nitrogen oxides.

A Turther object of this invention 1s to provide a method for
making an improved vanadium material which when used in
the removal of heavy metal results in oxidation of the heavy
metal to an oxidation state greater than zero, even in the
presence ol sulfur oxides and nitrogen oxides.

Another object of this invention 1s to provide an improved
process for the removal of heavy metal from a heavy metal
containing gas which results 1n oxidation of the heavy metal
to an oxidation state greater than zero, even in the presence of
sulfur oxides and nitrogen oxides, with an optional second
stage for adsorption of oxidized heavy metal.

In accordance with a first embodiment of the invention, the
inventive composition comprises silica and vanadium
wherein at least a portion of the vanadium 1s present as a
distorted octahedral and 1n a phase selected from the group
consisting of amorphous, nano-crystalline, and combinations
thereol.

In accordance with a second embodiment of the invention,
the mventive composition comprises silica and vanadium
heated in the presence of oxygen and a solvent to a calcination
temperature, followed by hydration; wherein the calcination
temperature 1s suificient to volatilize and remove substan-
tially all of the solvent; and wherein the calcination tempera-
ture 1s below the temperature which would result 1n the con-
version ol greater than about 90 weight percent of the
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vanadium to vanadium-and-oxygen-containing crystallites
greater than about 100 A in size.

In accordance with a third embodiment of the invention,
the inventive composition can be prepared by the method of:
a) incorporating a vanadium compound onto, into, or onto and
into silica, in the presence of an oxidizing agent and a solvent,
to thereby form a vanadium incorporated silica; and

b) calcining the vanadium incorporated silica 1n the pres-
ence of oxygen and the solvent at a calcination temperature;
wherein the calcination temperature 1s suilicient to volatilize
and remove substantially all of the solvent; and wherein the
calcination temperature 1s below the temperature which
would result 1n the conversion of greater than about 90 weight
percent of the vanadium to vanadium-and-oxygen-containing
crystallites greater than about 100 A in size, to thereby form
the composition.

In accordance with a fourth embodiment of the invention,
the inventive composition can be used in the removal of heavy
metal from a gaseous feed stream comprising heavy metal by
contacting, in a contacting zone, the gaseous feed stream with
any of the mventive compositions of embodiments one
through three above, with an optional second stage for
adsorption of oxidized heavy metal.

Other objects and advantages of the invention will become
apparent from the detailed description and the appended
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a graphic illustration of V-51 Magic Angle Spin-
ning Spectra, at 10 kHz, of Sorbent A calcined at 300° C.

FIG. 2 1s a graphic illustration of V-51 Magic Angle Spin-
ning Spectra, at 10 kHz, of Sorbent A calcined at 450° C.

FIG. 3 1s a graphic 1llustration of V-51 static spectra of
Sorbent A calcined at 300° C.

FIG. 4 1s a graphic 1llustration of V-31 static spectra of
Sorbent A calcined at 450° C.

FIG. 5 1s a graphic illustration of X-ray diffraction mea-
surements of Sorbent A calcined at 300° C.

FIG. 6 1s a graphic illustration of X-ray diffraction mea-
surements ol Sorbent A calcined at 450° C.

DETAILED DESCRIPTION OF THE INVENTION

In accordance with the first embodiment, the composition
comprises, consists of, or consists essentially of silica and
vanadium wherein at least a portion, preferably at least about
10 wt. %, more preferably at least about 80 wt. %, and most
preferably atleast about 95 wt. %, of said vanadium 1s present
as a distorted octahedral 1n a phase selected from the group
consisting of amorphous, nano-crystalline, and combinations
thereof.

In accordance with the second embodiment of the present
invention, the composition comprises, consists of, or consists
essentially of silica and vanadium heated in the presence of
oxygen and a solvent to a calcination temperature, followed
by hydration; wherein the calcination temperature is sudfi-
cient to volatilize and remove substantially all of the solvent;
and wherein the calcination temperature 1s below the tem-
perature which would result in the conversion of greater than
about 90 weight % of the vanadium to vanadium-and-oxy-
gen-containing crystallites greater than about 100 A in size.
The calcination temperature 1s preferably below about 325°
C., more preferably below about 300° C., and most preferably
below about 275° C.

The solvent 1s preferably an aqueous solution of oxalic
acid. The composition 1s calcined for a time period preferably
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in the range of from about 0.1 to about 24 hours, more pret-
erably 1n the range of from about 1 to about 4 hours.

In accordance with the third embodiment of the present
invention, the composition can be prepared by the method of:
a) incorporating a vanadium compound onto, into, or onto and
into silica, in the presence of an oxidizing agent and a solvent,
to thereby form a vanadium incorporated silica; and b) cal-
cining the vanadium incorporated silica in the presence of
oxygen and the solvent at a calcination temperature; wherein
the calcination temperature 1s suilicient to volatilize and
remove substantially all of the solvent, and wherein the cal-
cination temperature 1s below the temperature which would
result in the conversion of greater than about 90 wt. % of the
vanadium to vanadium-and-oxygen containing crystallites
greater than about 100 A in size. The calcination temperature
1s preferably below about 325° C., more preferably below
about 300° C., and most preferably below about 275° C.

The vanadium compound can be any vanadium containing,
compound capable of incorporation onto and/or 1to a sup-
port. Preferably, the vanadium compound 1s selected from the
group consisting of 1) ammonium metavanadate, 2) an alkali
metavanadate of the formula MVO,, wherein M can be an
alkal1 metal selected from Group IA, and 3) combinations of
any two or more thereof. The most preferable vanadium com-
pound 1s ammonium metavanadate.

The oxidizing agent can be any agent capable of oxidizing,
vanadium, and preferably 1s hydrogen peroxide or oxygen.
The solvent 1s preferably an aqueous solution of oxalic acid.
Also, the calcination time period 1s as described 1n the second
embodiment.

The vanadium compound can be incorporated into, onto, or
onto and into the silica by any suitable method known to those
skilled 1n the art. Preferably, the vanadium compound 1s
incorporated into, onto, or into and onto the silica by incipient
wetness impregnation.

During the calcining step, preferably at least 90 wt. % of
the solvent present 1n the incorporating step 1s removed.

The following discussion applies to each of the composi-
tions of the first through the third embodiments of the present
invention.

The silica has a surface area in the range of from about 20
m~*/gm to about 800 m?*/gm, preferably from about 100
m~/gm to about 500 m*/gm. Also the composition is prefer-
ably hydrated.

At least a portion, preferably at least about 10 weight
percent, more preferably atleast about 80 weight percent, and
most preferably at least about 95 weight percent, of the vana-
dium of the composition has crystalite sizes of less than about
100 A, more preferably less than about 30 A, and most pref-
erably less than about 20 A as determined by an analytical
method such as X-Ray diffraction.

Preferably, less than about 20 wt. percent, and more pret-
erably less than about 5 wt. percent, of the vanadium 1s
present as crystalline V,0O. as determined by an analytical
method such as X-Ray Diflraction.

In addition, at least a portion, preferably at least about 10
wt. %, more preferably at least about 80 wt. %, and most
preferably at least about 95 wt. % of the vanadium 1s present
in the composition i the form of an oxide of vanadium having
oxygen atoms as 1ts six nearest neighbors.

Additionally, the vanadium 1s present 1n the composition,
on an elemental vanadium basis, 1n an amount 1n the range of
about 0.5 to about 50 wt. %, preferably from about 1 to about
20 wt. %, and most preferably from about 1.5 to about 15 wt.
%, based on the total weight of the composition.

In accordance with the fourth embodiment of the present
invention, the mmventive composition can be used in the
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removal of heavy metal from a gaseous feed stream compris-
ing a heavy metal and oxygen by a process comprising, con-
sisting of, or consisting essentially of contacting, 1n a con-
tacting zone, under heavy metal removal conditions, the
gaseous feed stream with any of the inventive compositions,
and combinations thereof, of embodiments one through three
above. A gaseous product stream 1s withdrawn from the con-
tacting zone. The gaseous feed stream 1s typically a combus-
tion gas; and 1s more typically a stack gas derived from the
combustion of coal. The gaseous feed stream can also further
comprise contaminants selected from the group consisting of
sulfur oxides, CO,, water, nitrogen oxides, HCI, and combi-
nations of any two or more thereof.

The contacting of the gaseous feed stream with the inven-
tive composition 1s preferably carried out at a temperature in
the range of from about 100 to about 325° C., more preferably
from about 125 to about 275° C., and most preferably from
about 1350 to about 225° C.

The heavy metal typically comprises a metal selected from
the group consisting of arsenic, beryllium, lead, cadmium,
chromium, nickel, zinc, mercury, barium, and combinations
of any two or more thereof. The heavy metal most typically
COmprises mercury.

When the heavy metal 1s mercury, the mercury 1s typically
present 1n the gaseous feed stream 1n an amount in the range
of from about 0.1 to about 10,000 ug/m-, more typically in the
range of from about 1 to about 800 ng/m” and most typically
from about 3 to about 700 pg/m”.

The composition preferably converts at least a portion of
the heavy metal 1n the gaseous feed stream to an elevated
oxidation state. In the case of mercury, the composition pret-
erably converts at least a portion of the mercury contained 1n
the gaseous feed stream from a zero oxidation state toa +1 or
a +2 oxidation state and also preferably removes mercury. “At
leasta portion”, as used in this paragraph, can mean at least 20
weilght %, preferably at least 30 weight %, and more prefer-
ably at least 50 weight % mercury based on the total amount
of mercury contained 1n the gaseous feed stream.

The gaseous product stream preferably contains less than
about 20 weight %, more preferably less than about 10 weight
%, and most preferably less than about 5 weight % of the
mercury contained in the gaseous feed stream.

The gaseous product stream 1s optionally contacted with a
separate adsorbent 1n an adsorption zone. The adsorbent can
be any adsorbent capable of adsorbing a heavy metal. More
preferably, the adsorbent comprises, consists of or consists
essentially of a matenal selected from the group consisting of
a zeolite, amorphous carbon, and combinations thereof. The
amorphous carbon can be an activated carbon or an activated
charcoal. A treated gaseous product stream 1s withdrawn from
the adsorption zone and contains less than about 20 weight %,
preferably less than about 10 weight %, and more preferably
less than about 5 weight % of the heavy metal contained in the
gaseous feed stream.

EXAMPLES

The following examples are intended to be illustrative of
the present invention and to teach one of ordinary skill in the
art to make and use the invention. These examples are not
intended to limit the ivention 1n any way.

Preparation of Sorbents

Sorbent A—Around 11 wt. % V on Silica

A 3514 gram quantity of ammonium metavanadate
(NH,VO,) was dissolved 1n 440 grams of a 2 Molar oxalic
acid solution using a stirred hotplate. To this solution, 30%
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hydrogen peroxide was added dropwise to maintain a reddish
color. The vanadium containing solution was then added to
200 grams o1 20/40 mesh SMR 1-57-023 silica obtained from
W. R. Grace using the following procedure. First, the solution
was divided into four equal portions. After one portion was
solution impregnated onto the silica, the solid was dried at
120° C. This step was repeated with the three other portions of
solution with the drying time varying between one and three
hours. Then, 20 gram samples of this material were calcined
for 1.5 hours at temperatures ranging from 300° to 500° C.

Sorbent B—Around 3 wt. % V on Silica

A 1.54 gram quantity of ammonium metavanadate
(NH,VO,) was added to 9.0 grams of a 2.0 Molar oxalic acid
solution. After mixing with 15 grams of distilled water, 3
drops of a 30% hydrogen peroxide solution was added. This
vanadium containing solution was then impregnated on 26
grams ol 20/40 mesh SMR 1-57-023 silica obtained from W.
R. Grace. The impregnated solid was then heated 1n a furnace
for 2 hours at 225° C.

Sorbent C—Around 7 wt. % V on Silica

A 257 gram quantity of ammonium metavanadate
(NH,VO,)was added to 15 ml ot a 2.0 M oxalic acid solution.
After adding 5 grams of distilled water, 3 drops of a 30%
hydrogen peroxide solution was added. This vanadium con-
taining solution was then impregnated on 20 grams of 20/40
mesh SMR 1-57-023 silica obtained from W. R. Grace. The

impregnated solid was then heated 1n a furnace for 2 hours at
200° C.

Evaluation of Sorbents to Remove Mercury

The following general procedure was used to test the abil-
ity of the sorbent to remove mercury from a gas stream.
Mercury 1s added by passing the gas stream at room tempera-
ture through a gas bottle containing elemental mercury. The
mercury containing gas stream 1s then passed through a
sample tube containing approximately 0.5 to 1.5 grams of
material to be tested. The tube 1s located 1n a furnace wherein
the temperature can range from 110° to 170° C. The efficiency
of mercury removal 1s determined by measuring the amount
of mercury entering and leaving the solid sorbent and 1is
defined as the difference between the inlet and outlet mercury
concentrations divided by the inlet concentration. These con-
centrations were determined by using a Jerome Mercury Ana-
lyzer that measures only elemental mercury or a PS Analyti-
cal Mercury Analyzer that measures both oxidized and
clemental mercury.

Initial tests were run using mercury in dry air. To add
moisture, the gas stream was passed through a water bubbler
(e.g., at a temperature of 50° C., the gas stream will contain
10% water vapor). Other gases were added including SO,
NO,, NO, and HCI. These gases were added using the fol-
lowing standard blends. For SO, the standard contained 64%
N,, 12% O,, 24% CO,, and 3200 ppm SO,; for NO,, the
standard contained 200 ppm NO, 1n N, ; for NO, the standard

contained 200 ppm NO 1n N,; for HCI the standard contained
1200 ppm HCI 1n N,.

Run 1. The table below summarizes the results obtained when
passing mercury in moist air over Sorbent A (around 11 wt. %
V on silica) that had been calcined at various temperatures. In
all cases, the adsorption temperature 1s 150° C. while the flow
rates ranged from 100 to 175 ml/min of air and the gas hourly
—1

space velocity ranged from 5,000 to 15,000 hour
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TABL.

L1

1

Removal etficiency of mercury for Sorbent A.

Calcination Time on Stream Removal Efficiency

Temperature (° C.) (hours) (%)
300 1 99

200 99

650 70

350 1 97

120 68

450 1 66

11 55

The results 1n Table 1 clearly indicate that the efficiency of
mercury removal depends upon calcination temperature of
the sorbent with the 300° C. calcined sample being most
elfective for mercury removal.

Run 2. Mercury 1n moist air was passed over Sorbent B
(around 3 wt. % V on silica) that had not been hydrated before
use. The adsorption temperature was 150° C. while the flow
rates ranged from 100 to 175 ml/min of air and the gas hourly
space velocity ranged from 5,000 to 15,000 hour™".

Run 3. Mercury 1n moist air was passed over Sorbent B
(around 3 wt. % V on silica) that had been hydrated before
use. The adsorption temperature was 150° C. while the flow
rates ranged from 100 to 175 ml/min of air and the gas hourly
space velocity ranged from 5,000 to 15,000 hour™".

The hydrated sample of Sorbent B in Run 3 gave a mercury
removal efficiency of greater than 99 percent after 500 hours
on stream while for the non-hydrated sample of Sorbent B 1n
Run 2, the mercury removal efficiency decreased to 35 per-
cent after 300 hours on stream.

Run 4. Sorbent C (around 7 wt. % vanadium) was evaluated

for 1ts ability to remove mercury from a gas stream containing
72 wt. % N,, 10 wt. % CO,, 10 wt. % H,0O, 1880 ppm SO.,

430 ppm NO, 40 ppm NO,, and 20 ppm HCI with the balance
being O,. The adsorption temperature was set at 150° C.
while the gas flow rate was 650 ml/min. Two samples were
evaluated. The first was dried before use while the second was
hydrated with 200° C. moist air for 1.5 hours before use. The
hydrated sample demonstrated a mercury removal efficiency
of 99 percent while the mercury removal efficiency for the
dried sample was 235 percent.

Characterization of Sorbents

In an effort to understand the relationship between struc-
ture and performance, a variety of techniques were used to
characterize the sorbents. These include nuclear magnetic
resonance and X-ray diffraction. Description of these tech-
niques and the results obtained are given below.

Solid-state °'V NMR using magic angle spinning (MAS)
and static wideline methods were used to characterize some
of the sorbents. Spectra were obtained on a Varian INOVA
400 NMR spectrometer, operating at 399.8 MHz for 'H, and
105.1 MHz for >'V, using a Chemagnetics CP/MAS probe
with 5 mm white zirconia rotors spinning at 10 to 12 KHz, or
non-spinning (static). A single pulse sequence with 2 us pulse
(<45°) and one second delay was used for all measurements.
The spinnming spectra were processed by using 500 Hz of
Lorentzian line broadening and phasing close to the same
phasing parameters. For the static specta, 1000 Hz of line
broadening was used. >"V chemical shift was determined by
using NH, VO, as a secondary chemical shift reference at
=576 ppm (VOCI, at O ppm). This was accomplished by
running the sample at two different spinming frequencies, 10
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and 12 kHz, to distinguish the 1sotropic chemaical shiit peak
from the sidebands. The results for selected samples are given
below.

TABLE 2

NMR Results for Samples of Vanadium on Silica.

Second
Principal
Isotropic Component of
Chemical  Linewidth at Chemical Shift
Sor- Shift, o1, Half-Height Anisotropy, 0,
bent Description MAS (ppm) (Hz) MAS static (ppm)
A 300° C. Calcination -619 2093 -302
A 450° C. Calcination -621 2005 —-300
B 225° C. Calcination -606 6967 -305
Hydrated
B 225° C. Calcination -595 7185 -479
Dried

Sorbent A—(Around 11 wt. % Vanadium)

The NMR results of Table 2 indicate that both of the Sor-
bent A samples contain crystalline V,O.. However, detailed
analysis of both the spinning and static spectra shown 1n
FIGS. 1-4 suggest that the 300° C. calcined sample has a
considerable amount of an amorphous vanadium phase while
most of the vanadium 1n the 430° C. calcined sample 1s
crystalline. For example, with reference to FIGS. 1 and 2,
there are small underlying peaks 1n the spinning spectrum of
the 300° C. calcined sample (FIG. 1) not present in the spin-
ning spectrum of the 450° C. calcined sample (FIG. 2). In
addition, with reference to FIGS. 3 and 4, the static spectra of
these two samples are also different. In particular, the static
spectrum for the 300° C. calcined sample contains some extra
features which are suggestive of an amorphous phase.

X-ray diffraction measurements were made on a PanAna-
lytical Expert Pro Diffractometer with an accelerator linear

array detector and a copper Ka source. With reference to
FIGS. 5 and 6, the 450° C. calcined Sorbent A sample (FIG.

6) shows evidence of crystalline V,O. while the 300° C.
calcined Sorbent A sample (FIG. 5) indicates little or no
crystalline V,O..

Sorbent B—(Around 3 wt. % Vanadium)

The above data 1n Table 2 also suggest a significant difier-
ence between the hydrated and dried Sorbent B sample.
Although the high values for the linewidth at half-height
indicate that both of the Sorbent B samples are amorphous,
the second principal component of chemical shift anisotropy
(0 22) values suggest that vanadium 1n the hydrated sorbent
has a distorted octahedral symmetry whereas the dried
sample has the vanadium 1n a distorted tetrahedral symmetry.

Reasonable variations, modifications and adaptations can
be made within the scope of the disclosure and appended
claims without departing from the scope of the present mnven-
tion.

That which 1s claimed 1s:

1. A composition comprising silica and vanadium wherein
at least a portion of said vanadium 1s present as a distorted
octahedral and 1n a phase selected from the group consisting
ol amorphous, nano-crystalline, and combinations thereof.

2. A composition 1 accordance with claim 1 wherein at
least about 10 weight percent of said vanadium 1s present as a
distorted octahedral and 1n a phase selected from the group
consisting of amorphous, nano-crystalline, and combinations
thereof.
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3. A composition 1n accordance with claim 1 wherein at
least about 80 weight percent of said vanadium 1s present as a
distorted octahedral and 1n a phase selected from the group
consisting of amorphous, nano-crystalline, and combinations
thereof.

4. A composition 1n accordance with claim 1 wherein at
least about 95 weight percent of said vanadium 1s present as a
distorted octahedral and 1n a phase selected from the group
consisting of amorphous, nano-crystalline, and combinations
thereof.

5. A composition in accordance with claim 1 wherein said
silica has a surface area in the range of from about 20 m*/gram
to about 800 m*/gram.

6. A composition in accordance with claim 1 wherein at
least a portion of said vanadium has crystallite sizes of less
than about 100 A as determined by an analytical method.

7. A composition 1n accordance with claim 1 wherein at
least a portion of said vanadium has crystallite sizes of less
than about 30 A as determined by an analytical method.

8. A composition 1n accordance with claim 1 wherein less
than about 20 wt. percent of said vanadium 1s present as
crystalline V,O. as determined by an analytical method.

9. A composition 1n accordance with claim 1 wherein less
than about 5 wt. percent of said vanadium 1s present as crys-
talline V,0. as determined by an analytical method.

10. A composition 1n accordance with claim 1 wherein said
composition 1s hydrated.

11. A composition in accordance with claim 1 wherein at
least a portion of said vanadium 1s present 1n said composition
in the form of an oxide of vanadium and wherein the vana-
dium atom has oxygen atoms as 1ts si1x nearest neighbors.

12. A composition 1n accordance with claim 1 wherein said
vanadium 1s present in said composition, on an elemental
vanadium basis, 1n an amount in the range of from about 0.5
to about 50 wt. percent, based on the total weight of said
composition.

13. A composition 1n accordance with claim 1 wherein said
vanadium 1s present in said composition, on an elemental
vanadium basis, 1n an amount 1n the range of from about 1 to
about 20 wt. percent, based on the total weight of said com-
position.

14. A composition 1n accordance with claim 1 wherein said
vanadium 1s present 1 said composition, on an e¢lemental
vanadium basis, 1n an amount in the range of from about 1.5
to about 15 wt. percent, based on the total weight of said
composition.

15. A composition consisting essentially of silica and vana-
dium wherein at least a portion of said vanadium 1s present as
a distorted octahedral and 1n a phase selected from the group
consisting of amorphous, nano-crystalline, and combinations
thereof.

16. A composition consisting of silica and vanadium and
oxygen wherein at least a portion of said vanadium 1s present
as a distorted octahedral and 1n a phase selected from the
group consisting of amorphous, nano-crystalline, and com-
binations thereof.

17. A composition comprising silica and vanadium heated
in the presence of oxygen and a solvent to a calcination
temperature, followed by hydration; wherein said calcination
temperature 1s suilicient to volatilize and remove substan-
tially all of the solvent; and wherein said calcination tempera-
ture 1s below the temperature which would result 1n the con-
version ol greater than about 90 weight percent of the
vanadium to vanadium-and-oxygen-containing crystallites
greater than about 100A in size.

18. A composition 1n accordance with claim 17 wherein
said solvent 1s an aqueous solution of oxalic acid.
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19. A composition in accordance with claim 17 wherein
said composition 1s heated at said calcination temperature for
a time period 1n the range of from about 0.1 to about 24 hours.

20. A composition 1 accordance with claim 17 wherein
said composition 1s heated at said calcination temperature for
a time period 1n the range of from about 1 to about 4 hours.

21. A composition 1n accordance with claim 17 wherein
said vanadium 1s present in said composition, on elemental
vanadium basis, 1n an amount 1n the range of from about 0.5
to about 50 wt. percent, based on a total weight of said
composition.

22. A composition 1 accordance with claim 17 wherein
said vanadium 1s present in said composition, on elemental
vanadium basis, 1n an amount 1n the range of from about 1.0
to about 20 wt. percent, based on a total weight of said
composition.

23. A composition 1n accordance with claim 17 wherein
said vanadium 1s present in said composition, on elemental
vanadium basis, 1n an amount 1n the range of from about 1.5
to about 15 wt. percent, based on a total weight of said
composition.

24. A composition comprising silica and vanadium heated
in the presence of oxygen and a solvent to a calcination
temperature; wherein said calcination temperature 1s suifi-
cient to volatilize and remove substantially all of the solvent;
and wherein said calcination temperature 1s below about 325°
C.

25. A composition 1n accordance with claim 24 wherein
said calcination temperature 1s below about 300° C.

26. A composition 1 accordance with claim 24 wherein
said calcination temperature 1s below about 275° C.

27. A composition prepared by the method of:

a) incorporating a vanadium compound onto, into, or onto

and 1nto silica, 1n the presence of an oxidizing agent and
a solvent, to thereby form a vanadium incorporated
silica; and

b) calcining said vanadium incorporated silica 1n the pres-

ence of oxygen and said solvent at a calcination tem-
perature; wherein said calcination temperature 1s sudfi-
cient to volatilize and remove substantially all of the
solvent; and wherein said calcination temperature 1s
below the temperature which would result in the conver-
s1on of greater than about 90 weight percent of the vana-
dium to vanadium-and-oxygen-containing crystallites
greater than about 100 A in size, to thereby form said
composition comprising silica, vanadium and oxygen.

28. A composition 1 accordance with claim 27 wherein
said solvent 1s an aqueous solution of oxalic acid.

29. A composition 1 accordance with claim 27 wherein
said composition 1s hydrated.

30. A composition 1 accordance with claim 27 wherein
said vanadium incorporated silica 1s calcined at said calcina-

tion temperature for a time period 1n the range of from about
0.1 to about 24 hours.

31. A composition 1 accordance with claim 27 wherein
said vanadium 1s present in said composition, on elemental
vanadium basis, 1n an amount in the range of from about 0.5
to about 50 wt. percent, based on the total weight of said
composition.

32. A composition 1n accordance with claim 27 wherein
said vanadium 1s present in said composition, on elemental
vanadium basis, 1n an amount in the range of from about 1.0
to about 20 wt. percent, based on the total weight of said
composition.

33. A composition 1 accordance with claim 27 wherein
said vanadium 1s present in said composition, on elemental
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vanadium basis, 1n an amount in the range of from about 1.5
to about 15 wt. percent, based on the total weight of said
composition.

34. A composition 1n accordance with claim 27 wherein
said oxidizing agent 1s hydrogen peroxide.

35. A composition in accordance with claim 27 wherein
said vanadium compound 1s selected from the group consist-
ing of: 1) ammonium metavanadate, 2) an alkali metavana-
date of the tormula MVO, wherein M can be an alkali metal
selected from Group IA, and 3) combinations of any two or
more thereof.

36. A method comprising:

a) incorporating a vanadium compound onto, into, or onto

and 1nto silica, 1n the presence of an oxidizing agent and
a solvent, to thereby form a vanadium incorporated
silica; and

b) calcining said vanadium incorporated silica in the pres-
ence of oxygen and said solvent at a calcination tem-
perature; wherein said calcination temperature 1s sudfi-
cient to volatilize and remove substantially all of the
solvent; and wherein said calcination temperature 1s
below the temperature which would result in the conver-
sion of greater than about 90 weight percent of the vana-
dium to vanadium-and-oxygen-containing crystallites
greater than about 100 A in size, to thereby form said
composition.

37. A method 1n accordance with claim 36 wherein said

solvent 1s an aqueous solution of oxalic acid.

38. A method 1n accordance with claim 36 wherein said
composition 1s hydrated.

39. A method 1n accordance with claim 36 wherein said
vanadium incorporated silica 1s calcined at said calcination
temperature for a time period in the range of from about 0.1 to
about 24 hours.

40. A method 1n accordance with claim 36 wherein said
vanadium 1s present 1 said composition, on elemental vana-
dium basis, 1n an amount in the range of from about 0.5 to
about 50 wt. percent, based on the total weight of said com-
position.

41. A method 1n accordance with claim 36 wherein said
vanadium 1s present in said composition, on elemental vana-
dium basis, 1n an amount 1n the range of from about 1.0 to
about 20 wt. percent, based on the total weight of said com-
position.

42. A method 1n accordance with claim 36 wherein said
vanadium 1s present 1 said composition, on elemental vana-
dium basis, 1n an amount in the range of from about 1.5 to
about 15 wt. percent, based on the total weight of said com-
position.

43. A method 1n accordance with claim 36 wherein said
oxidizing agent 1s hydrogen peroxide.

44. A method 1n accordance with claim 36 wherein said
vanadium compound is selected from the group consisting of:
1 ) ammonium metavanadate, 2) an alkali metavanadate of the
formula MVO,;, wherein M 1s an alkali metal selected from
Group IA; and 3) combinations of any two or more thereof.

45. A process comprising:

a) contacting, 1n a contacting zone, a gaseous feed stream
comprising a heavy metal and oxygen with the compo-
sition of claim 1; and

b) withdrawing a gaseous product stream from said con-
tacting zone.

46. A process as recited 1n claim 45 wherein said gaseous
product stream contains less heavy metal than said gaseous
teed stream.

4'7. A process as recited 1n claim 45 wherein said gaseous
feed stream further comprises a contaminant selected from
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the group consisting of sulfur oxides, CO,, water, nitrogen
oxides, HCI, and combinations of any two or more thereof.

48. A process as recited 1 claim 435 wherein said gaseous
feed stream 1s a combustion gas.

49. A process as recited in claim 45 wherein said gaseous 5
feed stream 1s a stack gas derived from the combustion of
coal.

50. A process as recited in claim 45 wherein said contacting,
of step a) 1s carried out at a temperature in the range of from
about 100 to about 325° C.

51. A process as recited in claim 45 wherein said contacting,
of step a) 1s carried out at a temperature in the range of from

about 125 to about 275° C.

52. A process as recited in claim 45 wherein said contacting,
of step a) 1s carried out at a temperature in the range of from
about 150 to about 225° C.

53. A process as recited in claim 45 wherein said heavy
metal comprises a metal selected from the group consisting of
arsenic, beryllium, lead, cadmium, chromium, nickel, zinc,
mercury, bartum, and combinations of any two or more
thereof.

54. A process as recited in claim 53 wherein said heavy
metal 1s mercury.

55. A process as recited in claim 54 wherein said compo-
sition converts at least a portion of said mercury in said
gaseous feed stream from a zero oxidation statetoa+1 ora +2
oxidation state.

56. A process as recited 1n claim 54 wherein said mercury
1s present 1n said gaseous feed stream 1n an amount in the
range of from about 0.1 to about 10,000 png/m-.

57. A process as recited in claim 54 wherein said mercury
1s present 1n said gaseous feed stream 1n an amount in the
range of from about 1 to about 800 pug/m".

58. A process as recited in claim 54 wherein said mercury
1s present 1n said gaseous feed stream 1n an amount in the
range of from about 3 to about 700 pug/m".

59. A process as recited in claim 54 wherein said gaseous
product stream contains less than about 20 weight % of the
mercury contained 1n said gaseous feed stream.

60. A process as recited in claim 54 wherein said gaseous
product stream contains less than about 10 weight % of the
mercury contained 1n said gaseous feed stream.

61. A process as recited in claim 54 wherein said gaseous
product stream contains less than about 5 weight % of the
mercury contained 1n said gaseous feed stream.

62. A process as recited in claim 45 wherein said gaseous
product stream 1s contacted, in an adsorption zone, with an
adsorbent.

63. A process recited 1n claim 62 wherein said adsorbent 1s
selected from the group consisting of a zeolite, amorphous
carbon, and combinations thereof.

64. A process as recited 1in claim 63 wherein said compo-
sition oxidizes at least a portion of said heavy metal 1n said
gaseous feed stream to an elevated oxidation state.

65. A process as recited 1n claim 63 wherein said heavy
metal 1s mercury and wherein said composition oxidizes at
least a portion of said mercury in said gaseous feed stream
from a zero oxidation state to a +1 or a +2 oxidation state.

66. process as recited 1n claim 63 wherein a treated gaseous
product stream 1s withdrawn from said adsorption zone.

67. A process as recited 1n claim 66 wherein said treated
gaseous product stream contains less than about 20 weight %
of the heavy metal contained in said gaseous feed stream.

68. A process as recited 1n claim 66 wherein said treated
gaseous product stream contains less than about 10 weight %
of the heavy metal contained in said gaseous feed stream.
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69. A process as recited 1n claim 66 wherein said treated
gaseous product stream contains less than about 5 weight %
of the heavy metal contained in said gaseous feed stream.

70. A process comprising:

a) contacting, 1n a contacting zone, a gaseous feed stream

comprising a heavy metal and oxygen with the compo-
sition of claim 24; and

b) withdrawing a gaseous product stream from said con-
tacting zone.

71. A process as recited 1n claim 70 wherein said gaseous
product stream contains less heavy metal than said gaseous
feed stream.

72. A process as recited 1n claim 70 wherein said gaseous
feed stream further comprises a contaminant selected from
the group consisting of sulfur oxides, CO,, water, nitrogen
oxides, HCI, and combinations of any two or more thereof.

73. A process as recited 1n claim 70 wherein said gaseous
feed stream 1s a combustion gas.

74. A process as recited 1n claim 70 wherein said gaseous
feed stream 1s a stack gas derived from the combustion of
coal.

75. A process as recited in claim 70 wherein said contacting,

of step a) 1s carried out at a temperature in the range of from
about 100 to about 325° C.

76. A process as recited in claim 70 wherein said contacting
of step a) 1s carried out at a temperature in the range of from

about 125 to about 275° C.

77. A process as recited in claim 70 wherein said contacting,
of step a) 1s carried out at a temperature 1n the range of from

about 150 to about 225° C.

78. A process as recited 1n claim 70 wherein said heavy
metal comprises a metal selected from the group consisting of
arsenic, beryllium, lead, cadmium, chromium, nickel, zinc,
mercury, bartum, and combinations of any two or more
thereof.

79. A process as recited 1n claim 78 wherein said heavy
metal 1s mercury.

80. A process as recited 1n claim 79 wherein said compo-
sition converts at least a portion of said mercury 1n said
gaseous feed stream from a zero oxidation statetoa+1 ora +2
oxidation state.

81. A process as recited 1n claim 79 wherein said mercury
1s present 1n said gaseous feed stream 1n an amount 1n the
range of from about 0.1 to about 10,000 ug/m>.

82. A process as recited 1n claim 79 wherein said mercury
1s present 1n said gaseous feed stream in an amount in the
range of from about 1 to about 800 pg/m-.

83. A process as recited 1n claim 79 wherein said mercury
1s present 1n said gaseous feed stream 1n an amount 1n the
range of from about 3 to about 700 png/m>.

84. A process as recited 1n claim 79 wherein said gaseous
product stream contains less than about 20 weight % of the
mercury contained 1n said gaseous feed stream.

85. A process as recited 1n claim 79 wherein said gaseous
product stream contains less than about 10 weight % of the
mercury contained 1n said gaseous feed stream.

86. A process as recited 1n claim 79 wherein said gaseous
product stream contains less than about 5 weight % of the
heavy metal contained 1n said gaseous feed stream.

87. A process as recited 1n claim 70 wherein said gaseous
product stream 1s contacted, in an adsorption zone, with an
adsorbent.

88. A process as recited in claim 87 wherein said adsorbent
1s selected from the group consisting of a zeolite, amorphous
carbon, and combinations thereof.
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89. A process as recited 1n claim 88 wherein said compo-
sition oxidizes at least a portion of said heavy metal 1n said
gaseous feed stream to an elevated oxidation state.

90. A process as recited i claim 88 wherein said heavy
metal 1s mercury and wherein said composition oxidizes at
least a portion of said mercury in said gaseous feed stream
from a zero oxidation state to a +1 or a +2 oxidation state.

91. A process as recited 1 claim 88 wherein a treated
gaseous product stream 1s withdrawn from said adsorption
zone.

92. A process as recited in claim 91 wherein said treated
gaseous product stream contains less than about 20 weight %
of the heavy metal contained in said gaseous feed stream.

93. A process as recited 1n claim 91 wherein said treated
gaseous product stream contains less than about 10 weight %
ol the heavy metal contained in said gaseous feed stream.

94. A process as recited in claim 91 wherein said treated
gaseous product stream contains less than about 5 weight %
of the heavy metal contained in said gaseous feed stream.

95. A process comprising:

a) contacting, in a contacting zone, a gaseous feed stream
comprising a heavy metal and oxygen with the compo-
sition of claim 27; and

b) withdrawing a gaseous product stream from said con-
tacting zone.

96. A process as recited in claim 95 wherein said gaseous
product stream contains less heavy metal than said gaseous
feed stream.

97. A process as recited in claim 95 wherein said gaseous
feed stream further comprises a compound selected from the
group consisting ol sulfur oxides, CO,, water, nitrogen
oxides, HCI, and combinations of any two or more thereof.

98. A process as recited 1 claim 935 wherein said gaseous
teed stream 1s a combustion gas.

99. A process as recited 1 claim 935 wherein said gaseous
feed stream 1s a stack gas derived from the combustion of
coal.

100. A process as recited 1n claim 935 wherein said contact-
ing of step a) 1s carried out at a temperature 1n the range of
from about 100 to about 325° C.

101. A process as recited 1n claim 95 wherein said contact-
ing of step a) 1s carried out at a temperature in the range of
from about 125 to about 275° C.

102. A process as recited 1n claim 95 wherein said contact-
ing of step a) 1s carried out at a temperature 1n the range of
from about 150 to about 225° C.

103. A process as recited in claim 95 wherein said heavy
metal comprises a metal selected from the group consisting of
arsenic, beryllium, lead, cadmium, chromium, nickel, zinc,
mercury, bartum, and combinations of any two or more
thereof.
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104. A process as recited in claim 103 wherein said heavy
metal 1s mercury.

105. A process as recited 1n claim 104 wherein said com-
position converts at least a portion of said mercury 1n said
gaseous feed stream from a zero oxidation statetoa+1 ora +2
oxidation state.

106. A process as recited 1n claim 104 wherein said mer-
cury 1s present 1n said gaseous feed stream 1n an amount 1n the
range of from about 0.1 to about 10,000 ng/m-.

107. A process as recited 1n claim 104 wherein said mer-
cury 1s present 1n said gaseous feed stream 1n an amount 1n the
range of from about 1 to about 800 pug/m-.

108. A process as recited in claim 104 wherein said mer-
cury 1s present in said gaseous feed stream 1n an amount in the
range of from about 3 to about 700 png/m".

109. A process as recited in claim 104 wherein said gaseous
product stream contains less than about 20 weight % of the
mercury contained 1n said gaseous feed stream.

110. A process as recited in claim 104 wherein said gaseous
product stream contains less than about 10 weight % of the
mercury contained 1n said gaseous feed stream.

111. A process as recited in claim 104 wherein said gaseous
product stream contains less than about 5 weight % of the
mercury contained 1n said gaseous feed stream.

112. A process as recited 1n claim 95 wherein said gaseous
product stream 1s contacted, in an adsorption zone, with an
adsorbent.

113. A process as recited 1n claim 111 wherein said adsor-
bent 1s selected from the group consisting of a zeolite, amor-
phous carbon, and combinations thereof.

114. A process as recited 1n claim 113 wherein said com-
position oxidizes at least a portion of said heavy metal 1n said
gaseous feed stream to an elevated oxidation state.

115. A process as recited 1n claim 113 wherein said heavy
metal 1s mercury and wherein said composition oxidizes at
least a portion of said mercury in said gaseous feed stream
from a zero oxidation state to a +1 or a +2 oxidation state.

116. A process as recited i claim 113 wherein a treated
gaseous product stream 1s withdrawn from said adsorption
Zone.

117. A process as recited in claim 116 wherein said treated
gaseous product stream contains less than about 20 weight %
of the heavy metal contained in said gaseous feed stream.

118. A process as recited in claim 116 wherein said treated
gaseous product stream contains less than about 10 weight %
of the heavy metal contained in said gaseous feed stream.

119. A process as recited in claim 116 wherein said treated
gaseous product stream contains less than about 5 weight %
of the heavy metal contained in said gaseous feed stream.
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